Abstract. Transposable elements (TEs) can be viewed as genetic parasites that persist in populations due to their capacity for increase in copy number and the inefficacy of selection against them. A corollary of this hypothesis is that TEs are more likely to spread within sexual populations and be eliminated or inactivated within asexual populations. While previous work with animals has shown that asexual taxa may contain less TE diversity than sexual taxa, comparable work with plants has been lacking. Here we report the results of a study of Ty1/copia, Ty3/ gypsy, and LINE-like retroelement diversity in four asexual plant species. Retroelement-like sequences, with a high degree of conservation both within and between species, were isolated from all four species. The sequences correspond to several previously annotated retroelement subfamilies. They also exhibit a pattern of nucleotide substitution characterized by an excess of synonymous substitutions, suggestive of a history of purifying selection. These findings were compared with retroelement sequence evolution in sexual plant taxa. One likely explanation for the discovery of conserved TE sequences in the genomes of these asexual taxa is simply that asexuality within these taxa evolved relatively recently, such that the loss and breakdown of TEs is not yet detectable through analysis of sequence diversity. This explanation is examined by conducting stochastic simulation of TE evolution and by using published information to infer rough estimates of the ages of asexual taxa.
Introduction
Transposable elements (TEs) constitute a significant fraction of the genomes of most organisms. Some TEs (class I TEs, or retroelements) produce RNA intermediates that, by the action of reverse transcriptase (RT), are copied into DNA and then inserted into new locations within the genome, while other TEs (class II TEs, or DNA transposons) move directly by a ''cut and paste'' mechanism. TEs have the ability to dynamically alter the genome by bringing about growth in genome size, disrupting genes, mediating chromosomal rearrangement, and contributing regulatory regions to genes Lisch 1997, 2001; Hurst and Werren 2001; Feschotte et al. 2002) .
Because of their ability to increase in copy number via transposition, even when their effects are detrimental to fitness, TEs have sometimes been regarded as ''selfish DNA'' (Orgel and Crick 1980; Doolittle and Sapienza 1980) . An important corollary of the view that TEs represent selfish DNA is that they should persist only in sexual populations (Hickey 1982; Wright and Finnegan 2001) . This follows directly from the notion that while transposition can occur within both sexually and asexually reproducing organisms, in asexual populations any new transposition events should be confined to the specific lineages where those events have occurred. Since TEs may become inactivated over time by mutation or lost due to excision or recombination, it is expected that the different lineages within asexual populations should differ in copy number of active elements. Consequently, if most element insertions are deleterious, host-level selection should lead to lineages with fewer or mainly inactive elements replacing those with larger complements of active elements. Moreover, in asexually reproducing organisms, elementlevel selection to retain mobility will be reduced, since in this case mobility does not enhance the fitness of TEs by allowing them to spread within the host population. This leads to the expectation that asexual taxa should contain fewer TEs compared with their sexually reproducing relatives or, alternatively, that their TE complements should be comprised mostly of remnants of once functional elements.
In contrast, elements in sexual populations may spread more freely, potentially infecting all lineages within the population, and should thereby persist even when their effects are deleterious (Hickey 1982) . In these instances, an equilibrium copy number of functional elements can be expected to arise from the balance between transpositional increase in copy number and opposing purifying selection at the host level brought about by the deleterious effects of TEs (e.g., insertional mutation, ectopic exchanges, or the disruptive expression of TE gene products themselves) (Charlesworth and Charlesworth 1983; Charlesworth and Langley 1989; Brookfield 1996) .
Among the major types of TEs, retroelements can be viewed as the most prone to increase in copy number-their replicative method of transposition may result in more rapid increases in copy number compared with DNA elements. Indeed several plant genomes have been found to be composed mainly of retroelements. For example, the maize genome is composed of 60-80% repetitive DNA, including more than 30,000 Ty1/copia elements .
Ty1/copia and Ty3/gypsy elements, the two major classes of LTR retroelements, exhibit broad taxonomic distributions (Peterson-Burch and Voytas 2002; Marin and Llore´ns 2000) . They differ from one another with respect to the order of subunits within the pol polyprotein (Kumar and Bennetzen 1999) . Non-LTR retrotransposons, including long interspersed nuclear element (LINE)-like elements, can also be large components of plant genomes (Schmidt 1999) . As their name implies, they lack the long terminal repeats (LTRs) that characterize Ty1/copia and Ty3/gypsy elements.
To date, the vast majority of studies of sequence diversity and evolution of TEs in eukaryotes have been carried out in sexually reproducing organisms. Apart from theoretical analyses, there are only a few surveys and experimental studies that have been performed to test the relationship between TE abundance and mode of reproduction. Most notably, in a broad PCR-based survey of animal phyla, Arkhipova and Meselson (2000) observed retroelements in every group tested, except for the anciently asexual Bdelloid rotifers. As well, selection experiments conducted with yeast have focused on Ty3 elements (Zeyl et al. 1996) and homing endonuclease genes (Goddard et al. 2001) and have demonstrated that both types of elements tend to spread in sexual populations but not in asexual populations. In bacteria, DNA elements have been shown to spread through experimental populations, but the spread appears to be tied to specific beneficial mutations caused by element insertion (Cooper et al. 2001; Edwards et al. 2002) .
One method of detecting the direction and mode of selection acting on element populations is through analysis of the pattern of nucleotide substitution. Specifically, by comparing the ratio of the rate of nonsynonymous substitutions per nonsynonymous site to the rate of synonymous substitutions per synonymous site (d N /d S ), it is possible to infer whether historical selection of element sequences has been purifying, neutral, or diversifying in nature (i.e., d N /d S <1, 1, or >1 respectively) (Yang 2002) . In cases where TE sequences are remnants of once functional elements, and therefore under relaxed selection as might be expected in ancient asexual populations, the d N /d S ratios estimated for TE sequences might be expected to be higher than those in sexual taxa.
Plant mating systems demonstrate striking interspecific (and, sometimes, intraspecific) variation (Stebbins 1950) . While many studies have characterized TE variation and abundance in plants as a whole (Kumar and Bennetzen 1999; Bennetzen 2000) , work on TE evolution in asexual plants is lacking. In this paper we report on sequence variation of Ty1/copia, Ty3/gypsy, and LINE-like TEs in populations of four plant species in which reproduction is exclusively asexual. Our analysis focuses on the diversity and degree of constraint of sequence evolution of these elements.
Materials and Methods

Plant Taxa
The choice of asexual taxa to examine was governed by the availability of nearby populations, and by the existence of prior published evidence for loss of sexuality. Populations of four plant species were examined (Table 1) . Three of these species belong to the angiosperm family Compositae: Taraxacum officinale (dandelion), Hieracium aurantiacum (hawkweed), and Antennaria parlinii (ParlinÕs pussytoes). The fourth species is the Appalachian fern, Vittaria appalachiana (Farrar and Mickel 1991) .
Taraxacum officinale occurs throughout North America in populations composed of triploid, apomictic plants, though sexual varieties exist in southern Europe (Menken et al. 1995; Richards 1996; Rogstad et al. 2002) . Antennaria parlinii occurs in both sexual and asexual (female-only) populations throughout its range in the northern United States and southern Canada (Bayer and Stebbins 1983; Eckert 1999, 2001) . Hieracium aurantiacum, a weedy European invasive plant in North America, figured in the early history of classical genetic analysis, where its asexual mode of reproduction complicated MendelÕs attempts to study the process of inheritance (Bateson 1909) .
The genus Vittaria is a largely subtropical and tropical group of ferns. In temperate regions of North America (from Alabama to New York), populations of V. appalachiana exist as independent gametophytes (i.e., with no sporophyte generation) and persist via the production of vegetative propagules termed ''gemmae.'' These populations are thought to be conspecific or closely related to the tropical species V. lineata (shoestring fern), which exists as both sporophyte and gametophyte, and reproduces sexually (Farrar 1967) .
DNA was extracted from one plant taken from each of the populations listed in Table 1 . DNA extractions were carried out with the DNeasy Plant Mini Kit (Qiagen, Missisauga, ON). Plant material from the Vittaria populations was a gift from Eddie Watkins (University of Florida). DNA from the four Antennaria parlinii populations was a gift from Rob Ness and Christopher Eckert (Queens University, Ontario).
Cloning and Sequencing
Plants of all four species were assayed for variation in both Ty1/ copia and Ty3/gypsy element sequences. LINE-like elements were studied only in Taraxacum. PCR was used to amplify Ty1/copia-, Ty3/gypsy-, and LINE-like retroelements. For Ty1/copia elements, the forward primer 5¢-GGAATTCGAYGTNAARACNGCNT TYYT-3¢ and reverse primer 5¢-GGGATCCAYRTCRTCNACRT ANARNA-3¢ were used. These primers have been used to amplify Ty1/copia elements from a wide range of plant species (Voytas et al. 1992) . The PCR reaction was conducted for 15 min at 95°C, followed by 45-50 cycles of 1 min at 94°C, 1 min at 55°C, and 2 min at 72°C, followed by a final 10 min at 72°C.
To amplify Ty3/gypsy elements the primer CyRT1, 5¢-MRNATGTGYGTNGAYTAYMG-3¢ (Friesen et al. 2001) , was used. The reaction cycle for Ty3/gypsy elements consisted of 15 min at 95°C, followed by 40 cycles of 1 min at 94°C, 1 min at 60°C, 2 min at 72°C, and a final 10 min at 72°C. Ty3/gypsy elements were amplified with a single primer, raising the possibility that the sequence recognized by the primer at either end was identical. This was not the case, as the recognition sequences differed between ends.
To amplify LINE-like elements, the primers Bel1, 5¢-RVNRA NTTYCGNCCNATHTC-3¢, and Bel2, 5¢-GACARRGGRTCCC CCTGYCT-3¢, were used (Kubis et al. 1998 ). The reaction cycle was the same as the Ty3/gypsy cycle, with the exception that the central annealing step was carried out at 50°C, instead of 60°C. All PCR reactions were carried out using a PE Applied Biosystems GeneAmp PCR system 9700, in a 25-ll reaction consisting of 1 ll (at 10 ng/ll) of genomic DNA, 2.0 ll of 10 mM dNTPs, 1.0 ll of each primer at 25 pmol/ll, 0.2 ll of HotStar Taq (Qiagen), 2.5 ll of 10· PCR buffer (Qiagen), and ddH 2 O to 25 ll.
PCR primers were manufactured by BioCorp (Montreal, Quebec). PCR products were visualized on agarose gels. Individual PCR products were cloned using the TOPO-TA cloning kit (Invitrogen, Burlington, ON) and bidirectionally sequenced using a LiCor IR 2 DNA sequencer. The primers described above amplify a portion of the TE coding sequences of the elements in question, not the entire element. Moreover, as these species do not have well-characterized genomes, it cannot be determined whether the TEs amplified represent an unbiased random sample of the TEs in the given families targeted. For an initial survey of TE evolution in these asexual taxa, however, this approach seems reasonable, as our main objective was to determine whether there is any evidence at all of conservation of function of TE sequences in asexual taxa, rather than to obtain an unbiased estimate of the degree of sequence conservation in a random sample of elements.
Sequence Analysis
DNA sequences were examined and edited using the BioEdit (version 5.0.9; Hall 1999) and GeneDoc (2.6.002; Nicholas et al. 1997) software packages. Sequences from each strand were compared, and a consensus sequence was assembled. Ambiguities were resolved by examining the trace files or, if not resolvable, left as is. Highly truncated sequences, and sequences with more than two stop codons were excluded from further analysis in both sexual and asexual taxa-again, this is consistent with our main objective of detecting any evidence of selective constraint, rather than estimating the overall degree of sequence conservation in all elements.
Global alignments of nucleotide and amino acid sequences were produced using the CLUSTAL_X package (version 1.83; Higgins and Sharp 1988; Thompson et al. 1997 ) with the default gap penalties and matrices. Phylogenetic trees were constructed in PAUP* (version 4.0b10; Swofford 1993), using maximum likelihood. To determine appropriate models of nucleotide substitution, we used hierarchical likelihood ratio tests as implemented in ModelTest (version 3.06; Posada and Crandall 1998). Trees were constructed using the tree bisection-reconnection algorithm, with 100 bootstrap replicates. In all cases, the likelihood of the inferred trees was significantly better than a star phylogeny (KishinoHasegawa test, p<0.05). Complete alignments of the nucleotide sequences used to construct the trees are available as Supplementary Figs. 1-3.
To examine hypotheses about rates of synonymous and nonsynonymous substitution, sequences were analyzed using the program CODEML in the PAML package (version 3.14; Yang 1997). Phylogenetic trees for CODEML analyses were constructed as described above, but using only elements from a single species. Global d N /d S ratios were calculated for the entire phylogenetic tree (a one-ratio model) and, also, for internal and terminal branches separately (a two-ratio model). By examining d N /d S ratios separately for internal and terminal branches, it is possible to evaluate evidence for more recent loss of selective constraint in TE se- (Petrov and Hartl 1997) , as expected especially in the case of the asexual taxa. To test whether the estimated d N /d S ratios differed significantly from the neutral expectation, CODEML analyses were run with the d N /d S ratio constrained to 1.0. The likelihoods associated with the various models were compared using the test statistic )2DL, which is distributed approximately as v 2 with 1 degree of freedom (Yang 1998) .
Computer Simulations
As little is known about the expected evolution of d N /d S in the TEs of asexuals, we undertook a preliminary investigation using computer simulation to help evaluate the validity of potential explanations for the pattern of TE sequence variation observed in the four asexual taxa studied here. Our general approach builds upon that of Charlesworth and Charlesworth (1983) , Wright and Schoen (1999) , and Morgan (2001) by incorporating mutation of TE sequences into the simulation (Fig. 1a) . Populations of 2500 individuals each with 25 elements per individual, all with the same initial TE nucleotide sequence (taken from one of the Ty1/copia elements sequenced in our survey), were used to start the simulations. Simulations were run for 50,000 generations. As a control, some simulations were run for 50,000 sexual generations. Other simulations were run with 25,000 generations of sexual reproduction (to establish equilibrium conditions), followed by 25,000 generations of asexual reproduc- tion, to examine TE sequence evolution accompanying the breakdown of sexual reproduction. Transposition rate (U) was set at between 0.001 and 0.0015 event per element per generation and was assumed to be a decreasing function of the number of nonsynonymous TE sequence substitutions (elements bearing i nonsynonymous changes had a transposition rate of U ) 0.0005i). The element loss rate (V) was 0.1U. Each sexual generation, individuals with new TE compositions were constructed by simulating random gamete production from the previous generation, followed by syngamy. In the case of asexual reproduction, new offspring were formed by randomly selecting the TE composition of a single individual from the previous generation and using this as the TE composition of the new offspring.
Two separate mutational processes were included. Each generation, all elements in the population had a chance (rate l rep per base pair per generation, varied between 5 · 10 )6 and 5 · 10 )7 ) of acquiring point mutations. During transposition events, newly inserted elements also had a chance of acquiring new point mutations (rate l tr = 1 · 10 )4 per base pair per insertion event). Mutations were modeled using the Jukes-Cantor (1969) model, where all substitutional changes are equally likely. The fitness of each candidate offspring (sexual or asexual) was a function of both the number of TEs in the genome and the number of nonsynonymous changes and stop codons that the elements bore. To simulate selection, fitnesses of candidate offspring were calculated, and the most fit individuals (i.e., individuals with fewer element insertions) were stochastically incorporated into the next generationÕs population more often than individuals bearing many active elements. Among many potential deleterious effects, transposable elements are known to affect their hostÕs fitness both through the effects of the expression of TE gene products and through increasing somatic mutation rates (Nuzhdin 1999) . Therefore, we assumed that elements presumed to be less capable of transposition would also be less detrimental to their hosts. Fitness was calculated using the equation
, and y i = number of active elements with i nonsynonymous changes (modified from Morgan 2001) . TEs containing stop codons, or more than four nonsynonymous changes, were assumed to have no fitness effect and to be incapable of transposition. While there is limited information on the effects of individual TE insertions (e.g., Elena et al. 1998; Mackay et al. 1992) , studies of conditions required to prevent unchecked growth in element copy number suggest that epistatic interactions among individual insertions must be of a nature whereby host fitness declines in an accelerating manner with increasing copy number (Charlesworth and Charlesworth 1983) . The different selective pressures used in our simulations are characterized by curves that accelerate at different rates (i.e., h 0 was varied between 0.2 and 0.3). Throughout the simulation, the d N /d S ratio was assayed every 100 generations, using KumarÕs modification (Nei and Kumar   Fig. 2 . Maximum-likelihood tree and alignment of conserved RT sequences of the Ty1/copia data set. The amino acid alignment shows conserved RTase region 4 of Xiong and Eickbush (1990) . Element sequences are named after taxon and population (see Table 1 ). In the case of Antennaria parlinii, sequences from sexual and asexual populations are separately identified. Additional sequences are from the core Ty1/copia data set of Peterson-Burch and Voytas (2002) and are marked in boldface. The tree was rooted with the copia sequence from Drosophila melanogaster. Bootstrap values (100 replicates) are shown in boldface above nodes. Marked clades are defined in the text. Pamilo and Bianchi (1993) , Li (1993) , and Comeron (1995) . The reported value of d N /d S is the average of all pairwise comparisons between all sequences in the population. Element copy numbers, the proportion of elements containing stop codons, and the average fitness of the population were also assessed every 100 generations.
2000) of the methods of
Results
PCR Amplification of Retrotransposon Sequences
The subsequences of Ty1/copia and Ty3/gypsy elements targeted with PCR primers were successfully amplified from all four of the plant species studied. Subsequences of LINE-like elements were also successfully amplified from the one species (Taraxacum officinale) tested for this class of elements. Almost all amplified sequences showed a high degree of similarity to annotated retroelements at the amino acid level, however, a small fraction (14%) of the amplified Ty3/gypsy sequences was truncated or bore frameshift mutations and was not considered further. Table 2 summarizes several characteristics of the amplified TE subsequences.
Sequence Similarity Among Element Types
From the phylogenetic trees and sequence alignments, it is apparent that element sequence similarity does not coincide with phylogenetic relationships of the host plant species. For instance, element sequences from the three Composite species are not easily distinguishable from those of the fern. Instead, element sequences tend to group into several distinct clades, each containing representatives from several of the host plant genomes studied ( Figs. 2 and 3 ; Supplementary Figs. 1 and 2 ).
Among the amplified Ty1/copia elements, several clades appear which resemble previously annotated elements. One large clade resembles the retrotransposons Tto1 (Nicotiana tabacum [Hirochika et al. 1996] ) and Tnt1-94 (N. tabacum [Grandbastien et al. 1989] ). This clade (designated Tto1; Fig. 2 ) contains sequences from Hieracium, Taraxacum, and Vittaria. Other resolved clades contain elements with similarity to the Sto-4 (Zea mays [Marillonnet and Wessler 1998 ]) and AtRE1 (Arabidopsis thaliana [Kuwahara et al. 2000] ) elements. All clades containing Antennaria elements contain both sexual and asexual representatives.
Two large clades are present in the Ty3/gypsy element phylogeny (Fig. 3) . Most amplified Ty3/ gypsy sequences form a clade closely resembling the retrotransposon Del1 (Lilium henryi [Smyth et al. 1989] ). A second clade bears similarity to the Reina element (Zea mays ). All isolated elements appear to belong to the ''Plant Class B'' Ty3/gypsy clade (defined as elements with chromodomain-bearing integrases) of Marin and Llo´rens (2000) . The Ty3/gypsy phylogeny, based on approximately three times as many sequence data as the Ty1/copia phylogeny, contains clades with higher bootstrap support values.
Two distinct LINE-like element fragments were amplified (termed ''short'' and ''long'' below). Within each group, there was almost no sequence variation. The overlapping sections of the two LINE-like types amplified show distinct differences from each other but are similar to other published LINE-like element sequences ( Fig. 4; Supplementary Fig. 3 ).
For Ty1/copia and Ty3/gypsy elements, sequence alignments revealed striking similarities between elements at the amino acid level, both within and among plant species (Figs. 2 and 3) . Between plant species, there are cases where elements are identical at the Fig. 3 . Maximum-likelihood tree and alignment of conserved RTase sequences of the Ty3/gypsy data set. The amino acid alignment shows conserved RTase region 4 of Xiong and Eickbush (1990) . Sequences labeled as in Fig. 2 . Additional reference sequences are from the Ty3/gypsy data set of Marin and Llore´ns (2000) and are marked in boldface. The tree was rooted with the gypsy, Ty3, and Athila1 elements. Bootstrap values (100 replicates) are shown in boldface above nodes. Marked clades are defined in the text. amino acid level, though not at the nucleotide level (e.g., Ty1/copia sequences Vit SR4 and Hier B8).
TE Sequence Evolution
Similarities between sequences were more apparent at the amino acid sequence level than the nucleotide level, suggesting an excess of synonymous substitutions. Estimates of the relative rates of synonymous and nonsynonymous changes are consistent with this pattern (Table 3 ). In the case of all four species, there was a strong bias toward synonymous substitutions, with global d N /d S ratios usually close to 0, and in all cases, the observed global d N /d S values were significantly different from the neutral expectation of d N /d S = 1, with a high level of statistical support. On the whole, d N /d S ratios were lower for the Ty3/gypsy sequences than the Ty1/copia sequences, except in Antennaria. Among the Ty1/copia elements, Taraxacum had the highest global d N /d S ratio. Many of the observed amino acid substitutions were between amino acids with very similar physiochemical properties (Grantham 1974) .
To further investigate the pattern of nucleotide substitution in the TE sequence data set, we compared our global estimates of d N /d S to an alternative, two-ratio model, in which codon substitutions occurring in internal and terminal branches of the tree were separated, giving two distinct estimates of d N /d S for each data set (Table 3 ). In general, estimated d N /d S ratios were lower in internal branches of the tree than in terminal branches, and the two-ratio model fit the data significantly better than the oneratio model (v 2 , 1 df). Nevertheless, with the exception of the TE sequences from Antennaria, the d N /d S ratios for terminal branches were significantly <1.
To test whether the amplified elements were potentially capable of transposition, the translated amino acid sequences were scanned for stop codons. The majority of the Ty1/copia subsequences contained no stop codons. Among the Ty3/gypsy set, however, a larger proportion contained stop codons (Table 2) . Among the amplified LINE-like elements, the short class contained no stop codons, while all subsequences of the long class contained them, including a stop codon present in the same position in all amplified sequences.
Ty1/copia elements from sexual populations of Antennaria showed no significant differences from asexual populations in terms of the number of complete sequences or the d N /d S ratio compared to the asexual Antennaria (Table 3) . Fig. 4 . Maximum-likelihood tree and alignment of conserved RT sequences of the LINE-like data set. Sequences labeled as in Fig. 2 . Additional sequences are from GenBank (Ta11-1, S65812; Del2, Z17425; Cin4, Y00086) and Kubis et al. (1998) and are marked in boldface. The amino acid alignment shows conserved RTase region 3 of Xiong and Eickbush (1990) . The tree was rooted with the Del2 element sequence from Lilium henryi. Bootstrap values (100 replicates) are shown in boldface above nodes. Marked clades are defined in the text. 
Simulations
For all parameter combinations, the calculated d N /d S ratio began near unity but decreased to a stable equilibrium in the range 0.1-0.3 under conditions of sexual reproduction, as element sequences accumulated mutations and diverged from the ancestral sequence (Fig. 1b) . This pattern was observed for all parameter combinations, except those with high mutation rates, where elements were quickly lost from the population. After the transition to asexuality, d N /d S ratios increased from the sexual equilibrium value but typically took tens of thousands of generations to approach the neutral expectation of 1.0 (Fig. 1b) . The increase in d N /d S occurred more rapidly in simulations with low transposition rates and stronger selection against element insertion, which were also strongly correlated with lower element copy numbers (data not shown). Near the end of many of the simulation runs, the estimated d N /d S value became more erratic, as the element population size declined. This was due to the fact that the mean d N /d S was an average of fewer pairwise comparisons. Element copy numbers for simulated populations were comparable to other simulations of TE dynamics in sexual populations (Fig. 1c) (Wright and Schoen 1999; Morgan 2001) . Copy numbers generally reached their sexual equilibrium values after approximately 5000 generations. Equilibrium sexual copy numbers were higher in simulations with higher transposition rates, lower mutation rates, and weaker selection against element insertion (data not shown). After the transition to asexuality, copy numbers often increased dramatically, to upward of 100 copies/ individual. Eventually, however, all elements were lost from asexual populations.
By including element excision in our simulations, ancient fixed elements are very unlikely to persist in our simulated populations. In simulations with no excision, however, stable copy-number equilibria were never reached (data not shown). This is true also for simulations where elements are not regularly inactivated through mutation.
Discussion
The Pattern of TE Sequence Evolution Suggests Element Conservation
The analysis of Ty1/copia-, Ty3/gypsy-, and LINElike retroelements in four asexual plant species suggests that all of the sequences amplified match known subfamilies of TEs, and thus probably represent longstanding element diversity. While stop codons are not unknown among these sequences (Table 2) , and may also occur in coding regions not analyzed by us, perhaps the most interesting finding of this study is that the pattern of nucleotide substitution found in the terminal branches of most of the TE sequence phylogenies of the asexual taxa does not reflect a relaxation of selection on element sequences (Table 3 ). The only exception to this pattern is in the sexual and asexual populations of Antennaria parlinii, where the d N /d S ratios are not significantly different from 1.0 for either the Ty1/copia or the Ty3/gypsy elements. Given the predictions of the Ôselfish DNAÕ hypothesis, such constrained sequence evolution of mobility-related genes might be viewed as unexpected. Indeed, the d N /d S ratios calculated from our data correspond well with published values for TE coding sequences in sexually reproducing plants. Although Ty1/copia elements in plants constitute an extremely heterogeneous group, the evolution of the RT enzyme seems to have been constrained by purifying selection (Voytas et al. 1992 ; Peterson-Burch Note. Only subsequences of full length and fewer than two stop codons were used in the analysis. *Global d N /d S estimated in one-ratio model is significantly less than 1 (p < 0.001). **Terminal branch d N /d S estimated in two-random model is significantly less than 1 (p < 0.05). ***Two-ratio model fits data significantly better than one-ratio model (p < 0.05).
and Voytas 2002). For instance, in a study of Ty1/ copia RTase sequences from a broad range of plant genomes, Navarro-Quezada and Schoen (2002) estimated d N /d S rates ranging from 0.023 to 0.414. The estimated d N /d S for the Ty1/copia data set in the four asexual species studied here falls within this range. If the rate of codon substitution is distinctly different for ancient TE sequences compared to recent TE sequences, estimating a single d N /d S ratio may be misleading. Internal phylogeny branches may have a much more conservative pattern of codon substitution, as element sequences along these branches are expected to be functional (Petrov and Hartl 1997) . Estimating separate d N /d S ratios for internal and terminal branches in our element phylogenies supports this interpretation: element sequences are generally highly conserved along internal phylogeny branches, but less so along terminal branches. With the exception of the Ty3-gypsy element phylogeny for Hieracium, where few codon substitutions were observed, this pattern holds for all the element and species data sets in which the two-ratio model is significant (Table 3) .
Simulation of Transposon Sequence Evolution
As expected, d N /d S decreased during the sexual phase of simulations and increased during the asexual phase. But rather than occurring as an abrupt change, the increase in d N /d S often took many thousands of generations to manifest. It is noteworthy that this is so despite the fact that the mutation rates assumed in the simulations are likely to be higher than those in nature (Nuzhdin 1999) , and so this prediction regarding number of generations required to observe an increase in d N /d S following the loss of sexuality is likely to be conservative. In other words, a pattern of nucleotide diversity consistent with purifying selection of RT sequences may persist in an asexual population long after selection is relaxed, and relatively young asexual populations could, therefore, consist of many individuals with active (or apparently active) TE complements.
The simulations also suggest that while element loss eventually occurs in asexual populations, as expected from theory, there is an initial increase in element copy numbers following the transition to asexuality. This result is evolutionarily plausible; at the transition point, all lineages in the population contain many active elements, hence there is little variation for selection to act upon. Element loss first requires the generation of variance in copy number between lineages through the processes of mutation accumulation generating low-copy lineages and active transposition generating high-copy lineages. This process of element accumulation preceding loss is expected to be fairly general and may help to account for the relative lack of success of asexual plants among the angiosperms.
Possible Explanations for the Pattern of Conserved TE Sequence Evolution in Asexual Taxa
Judging from the sporadic appearance but low frequency of asexual taxa in a variety of different plant lineages, higher plants may often evolve asexuality and then lose it. Unfortunately, it is difficult to accurately age extant asexual taxa. For this reason we cannot rule out the possibility that these some of the asexual populations studied here are recent evolutionary breakdown products of sexual populations. If indeed the breakdown of sexuality has occurred recently, these genomes could continue to possess many active elements, as suggested in our simulations, and though selection for element activity may have been relaxed, it may not yet be apparent in the d N /d S values observed here.
Among the taxa examined in our study, the strongest evidence for ancient asexuality is in Vittaria appalachiana, where patterns of geographical distribution and genetic diversity indicate an age of at least 10 million years (Farrar 1967 (Farrar , 1978 (Farrar , 1990 . A study of allozyme diversity in Vittaria showed V. appalachiana to have no recent origin from or close relation to sexual Vittaria species (Farrar 1985 (Farrar , 1990 . Using an rbcl phylogeny of the Vittariaceae (Crane 1997 ) and a molecular clock rate of 1.3 · 10 )9 substitution/site/ year (Clegg 1993) , we estimate that V. appalachiana diverged from its last sexual ancestor approximately 10 MYA. Thus, several lines of evidence point to V. appalachiana being strictly asexual for many millions of years.
The populations of Antennaria parlinii used in this study occur in strictly female (asexual) or mixed-sex (sexual) populations, and seed production in asexual populations is not dependent on pollination (OÕConnell and Eckert 1999). The more northerly asexual populations are thought to have colonized northern Ohio following the Wisconsian glaciation (Bayer and Stebbins 1983) , putting a lower limit in their age of approximately 15,000 years.
Estimating the longevity of the Taraxacum and Hieracium lineages examined in this study is more difficult, as they frequently coexist with their sexual progenitors, and new asexual lineages are generated fairly often. There is, however, evidence that related asexual plant populations of these species are frequently long-lived. The vast majority of Taraxacum officinale populations in North America are asexual, with only rare exceptions. In Europe, the source of the North American populations, sexual dandelions are common. By focusing on a particularly conspic-uous section of Taraxacum in Norway, Mes et al. (2002) were able to detect genetically divergent clone mates, suggesting that Taraxacum populations are quite capable of persisting for thousands of generations. However, most European asexual Taraxacum lineages are probably quite young (Menken et al. 1995; van Dijk 2003) . The Hieracium complex of species contains several sexual and asexual species, which are often capable of interbreeding to produce new asexual hybrids (Koltunow et al. 1998; Krahulec et al. 2004) . In one of the few studies to estimate the divergence among sexual and asexual Hieracium populations, Chapman et al. (2003) observed an average genetic distance between comparable sexual and asexual populations of approximately 0.2. Using NeiÕs (1987) method for converting genetic distance to time (t = 5 · 10 6 D), we estimate these populations to be at least 1 million years old.
The species examined in this study thus likely represent a continuum of lineage ages, from the ancient Vittaria appalachiana to the potentially more recent Hieracium and Taraxacum populations. Our simulations predict that detection of element deterioration (as reflected by high d N /d S ratios) may require lineages to have been strictly asexual for tens of thousands of generations. Despite the suspected differences in the age of the asexual lineages, however, there is little difference between Vittaria and the other species in terms of the d N /d S ratio or percentage of element subsequences exhibiting uninterrupted open reading frames.
The finding of intact retroelement sequences in Vittaria appalachiana suggests several possibilities. First, the elements may be of recent origin in this genome (because of possible infection via horizontal transmission). Sequence similarity between elements found in Vittaria to elements found in the other plants suggests that the spread of these retroelements postdates the split between the ferns and the Angiosperms. If the elements are present due to recent horizontal transfer, they may not yet have undergone the necessary time required to exhibit an elevated value of d N /d S . Horizontal transfer is often cited as being a cause of greater-than-expected similarity between TE sequences in different genomes. If horizontal transfer of element sequences is indeed common between asexual species and their sexual relatives, complete loss of TEs from asexuals may never occur.
Yet another possibility is that TE insertions are not strictly deleterious, an idea that has been revived in recent literature (Kidwell and Lisch 2001; Brookfield 2003) . In some taxa there is anecdotal evidence that TE sequences may contribute to host genome evolution. To date, most documented cases involve smaller, DNA transposons capable of clean excision (Kidwell and Lisch 2001; Edwards and Brookfield 2003) . TEs are also known to maintain telomeres in Drosophila (Biessmann et al. 1992; Pardue et al. 1996) . Retroelements may also be capable of mobilizing in response to genomic damage in general (Scholes et al. 2003) or of being co-opted by their hosts completely (Lynch and Tristem 2003) .
Findings from Other Asexual Taxa
In PCR-based surveys of animal TE sequence diversity (Arkhipova and Meselson 2000) , no retroelements were detected in the asexual Bdelloid rotifers, while all other animal phyla tested positive for the presence of these elements. More recent work has uncovered intron-containing retroelements in the Bdelloids (Arkhipova et al. 2003) and telomeric retroelements in another asexual, Giardia lamblia (Arkhipova and Morrison 2001) . Several lines of evidence point to the ancient asexuality of the Bdelloids (Mark Welch and Meselson 2000 , JL Mark Welch et al. 2004 ). In their initial survey (Arkhipova and Meselson 2000) , the only TEs found in Bdelloids were DNA elements with sequences similar to those of mariner elements. As is the case for the elements sequenced in the present study, the mariner-like elements in Bdelloids exhibit a bias toward synonymous substitutions.
Apart from the discovery that functional TEs may have persisted in asexual taxa, the maintenance of asexuality in these populations is also an interesting problem. Asexual populations run the risk of accumulating mutations and deteriorating in fitness over time (Kondrashov 1988) . TEs may play a role in this process, as they are a source of mutations, presumably mostly deleterious. Indeed, bursts of retroposition have been observed in several artificial asexual hybrids of Hieracium (Bicknell and Koltunow 2004) . It may be the case that the only asexual populations capable of long-term evolutionary persistence are either those that have no TEs or those that are able to suppress them (Arkhipova and Meselson 2000; Nuzhdin and Petrov 2003) .
Suggestions for Future Work
A potential problem with the present study is its reliance on PCR alone to detect elements. In using PCR to screen for retroelements, only elements that are intact or nearly intact in the region corresponding to the PCR primers are expected to be amplified. Many truncated TE sequences could, in fact, exist within the genomes of these asexual taxa, but they would be unlikely to be amplified, leading to an overestimation of the degree of TE sequence conservation. To overcome this difficulty, searches based on direct cloning and sequencing of asexual plant genomes would be preferable, though they are more labor-intensive. Furthermore, additional comparisons with close sexual relatives would facilitate more accurate phylogenetic reconstruction of recent TE evolution. In conclusion, we have found evidence of conserved retroelement sequences in several asexual plant populations. Whether these isolated sequences represent intact, active retroelements remains an open question. Future work could also seek to obtain direct evidence for active transposition of retroelements in asexual organsims (e.g., using transposon display technology [Van den Broeck et al. 1998; ).
